Three applications of ballistic electron microscopy are used to study, with nanometer-scale resolution, the magnetic and electronic properties of magnetic multilayer thin films and tunnel junctions. First, the capabilities of ballistic electron magnetic microscopy are demonstrated through an investigation of the switching behavior of continuous Ni 80 Fe 20 /Cu/Co trilayer films in the presence of an applied magnetic field. Next, the ballistic, hot-electron transport properties of Co films and multilayers formed by thermal evaporation and magnetron sputtering are compared, a comparison which reveals significant differences in the ballistic transmissivity of thin film multilayers formed by the two techniques. Finally, the electronic properties of thin aluminum oxide tunnel junctions formed by thermal evaporation and sputter deposition are investigated. Here the ballistic electron microscopy studies yield a direct measurement of the barrier height of the aluminum oxide barriers, a result that is invariant over a wide range of oxidation conditions.
I. INTRODUCTION
Recently there has been a great deal of interest in understanding and characterizing the electronic and magnetic properties of ferromagnetic multilayer films and tunnel junctions. 1, 2 This interest has largely been in the context of realizing magnetic random access memory, tunnel junction read heads for hard drive applications, and magnetic field sensors. In such devices it is necessary to both controllably and reliably switch individual ferromagnetic film elements in a trilayer stack as well as to form very thin aluminum oxide (AlO x ) tunnel barriers separating the ferromagnetic electrodes. Since nanometer scale variations in the magnetic and electronic structure of ferromagnetic multilayers and tunnel junctions is critical to their performance, new microscopic techniques that can examine such structure with very high resolution are quite desirable. We have found that a scanning tunneling microscopy technique in which the ballistic, hot electron transmission of tunnel-injected electron beams through thin film multilayers is measured can be very effective in addressing this need. To demonstrate this, in this article we discuss recent results from experiments in which a local ballistic electron beam is used to investigate the magnetic switching behavior of Ni 80 Fe 20 ͑Py͒/Cu/Co trilayer stacks, the hot-electron transmission properties of Co-based multilayer films, and both the continuity and electronic structure of thin AlO x tunnel barriers.
To study the magnetic structure of ferromagnetic thin film multilayers we have developed a technique which we refer to as ballistic electron magnetic microscopy ͑BEMM͒. 3 In this variation of ballistic electron emission microscopy ͑BEEM͒, 4 multiple thin ferromagnetic films separated by paramagnetic spacer layers are grown on a semiconductor substrate. A STM tip is then used to locally inject a tunnel current I t into the multilayer film under typical constantcurrent feedback conditions. Once in the metallic overlayer some fraction of these injected electrons ͑typically Ͻ10%͒ will travel ballistically through the multilayer film and across the underlying metal-semiconductor interface. The current flowing into the semiconductor ͑the collector current I c ͒ is then measured and displayed as a function of the position of the tip to create a spatial map of ballistic electron transport through the multilayer film, a BEMM image. Contrast in these images is due to the relative magnetization alignment between the ferromagnetic films. When the magnetization directions of the films are parallel ͑P͒, I c is a maximum, whereas when the magnetization directions are antiparallel ͑AP͒, I c is a minimum. As has been discussed elsewhere, 5 this contrast results from an asymmetry in the inelastic mean free paths of the majority and minority electrons in ferromagnetic films.
The samples investigated here consist of ferromagnetic multilayer films and tunnel junctions grown on H-terminated Si ͑111͒ wafers precoated with a Au ͑75 Å͒/Cu ͑12 Å͒ bilayer. These layers act to form a high quality Au/Si Schottky barrier interface as well as growth templates for the subsequently deposited multilayer films. In the case of the allmetallic films, the ferromagnetic layers are separated by a Cu ͑45 Å͒ spacer layer leaving them only weakly coupled by indirect exchange. 6 In the tunnel junction samples, an AlO x barrier layer is formed between the ferromagnetic layers by depositing a thin Al layer and then oxidizing it, before depositing the top ferromagnetic layer. The samples are prepared both by thermal evaporation and magnetron sputtering. The thermal deposition is carried out in ultrahigh vacuum ͑UHV͒ with the pressure remaining Ͻ5ϫ10 Ϫ10 Torr during evaporation, and the samples are vacuum transferred to a room-temperature UHV STM-BEMM system for study. For a͒ Author to whom correspondence should be addressed; electronic mail: whr4@cornell.edu the sputter deposited samples, we first evaporate an Au layer on the Si surface in UHV. In a separate chamber we next sputter the Cu seed layer and the ferromagnetic multilayer or tunnel junction films to be studied. The sample is then overcoated with a Cu ͑9 Å͒/Au ͑25 Å͒ layer to prevent oxidation by its brief exposure to atmosphere during transport to the UHV BEMM chamber.
II. MAGNETIC REVERSAL OF PYÕCUÕCO TRILAYERS
We first discuss results from using the BEMM technique to investigate the reversal process in a pseudospin valve structure consisting of a Ni 80 Fe 20 /Cu/Co trilayer film. Shown in Figs. 1͑a͒-1͑k͒ is a set of large area ͑2.5ϫ2.5 m 2 ͒ images showing three reversal cycles of a sputtered Au͑25 Å͒/Cu͑12 Å͒/Py͑25 Å͒/Cu͑45 Å͒/Co͑25 Å͒/ Cu͑12 Å͒/Au Evap ͑75 Å͒/Si(111) film. The sputter deposition was carried out in Ar gas at a pressure of ϳ3 mTorr and at a power of 80 W. A significant ''background speckle'' is clearly present in these images. We note that this is not electronic noise in the system but results from the small length scale contrast found in all sputtered multilayer films we have studied. 7 In Fig. 1͑a͒ the magnetic state of the sample is shown in an applied field of Hϭ50 Oe. As is typically the case, both of the layers are nominally in complete alignment with H, although regions of slight magnetic misalignment are interspersed throughout the scan area ͑e.g., the center of the scan͒. As the field is lowered to zero ͑not shown͒ there is no significant change in the image. As a field of HϭϪ10 Oe is applied, the regions of slight magnetic misalignment grow in size and become more magnetically misaligned, and a domain wall has been swept in from the top-right part of the image, Fig. 1͑b͒ . The domain wall in this image intersects a small defect in the film in the upper-left corner of the image. The defect appears as a small mound ͑ϳ5 nm high͒ in the topographical scan and registers as a position of very low current in the BEMM image, as seen in all of the scans in Fig. 1 . The cause and nature of the defect are uncertain. As the field is increased to HϭϪ20 Oe, the Py and Co layers are nominally in complete AP alignment. The small, applied field has flipped the Py layer without affecting the Co layer. However, in this particular area a line of P alignment between the films runs from lower right of the image to the upper left ͓Fig. 1͑c͔͒, where it intersects the defect. This contrast is the result of a 360°domain wall having been formed in the Py film. From this image it is also clear that the structures seen in ͑b͒ of the figure are due to the magnetic domains in the Py film, since otherwise they would be highlighted in ͑c͒. As the field is increased to HϭϪ50 Oe, the 360°domain wall has been annihilated and the films are once again largely forced into P alignment ͓Fig. 1͑d͔͒. There is still one region of small AP alignment between the films in the upper right of ͑d͒. It is unclear whether this is the remnant of the previous 360°domain wall or is a domain in the Co layer.
As the field is lowered back through zero, no significant change in the magnetic structure of the films is seen. In ͑e͒, the film is shown in a field of Hϭ10 Oe. The small region of magnetic misalignment seen in the previous image has grown in size leading to the AP region in the upper left of the image, and a domain wall has been swept in from the lower left of the scan. As the field is increased to Hϭ20 Oe ͓Fig. 1͑f͔͒ the films are largely in AP alignment but the misalignment is far from complete. This is seen in the top of the image where there is still significant P alignment between the layers. As the field is increased, the P alignment between the ferromagnetic layers becomes more complete, as shown in ͑g͒. When H is increased to 50 Oe, the films are forced into P alignment as shown in image ͑h͒ in the series. Once again there are small regions ͑ϳ100ϫ100 nm 2 ͒ of slight magnetic alignment throughout the image. We also note that the region around the defect in the upper left part of the scan area is in full P alignment.
The reversal process during the next half-field cycle is shown in Figs. 1͑i͒-1͑k͒ . In an applied field of H ϭϪ20 Oe the films are again in nearly complete AP alignment, as is typically the case when complete P alignment is obtained in the previous field cycle. However, in the middle of the image there is a region of P alignment between the films. The structure in ͑i͒ is very similar to the ''X'' structure seen in the previous field cycle ͓Fig. 1͑f͔͒. At the upper right of the structure there is a spot ͑ϳ40 nm in diameter͒ passing a very low I c , but is not directly traceable to a ''defect'' in the film. It is possible that a domain or domain wall is being FIG. 1. ͑a͒-͑k͒ BEMM images from a Py ͑25 Å͒/Cu ͑45 Å͒/Co ͑25 Å͒ trilayer film in fields of Hϭ͑a͒ 50 Oe, ͑b͒ Ϫ10 Oe, ͑c͒ Ϫ20 Oe, ͑d͒ Ϫ50 Oe, ͑e͒ 10 Oe, ͑f͒ 20 Oe, ͑g͒ 40 Oe, ͑h͒ 50 Oe, ͑i͒ Ϫ10 Oe, ͑j͒ Ϫ25 Oe, and ͑k͒ Ϫ30 Oe. The field is applied parallel to the film plane. Current is displayed in linear gray scale from 1 pA ͑black͒ to 2.5 pA ͑white͒. V t ϭϪ2 V and I t ϭ1 nA.
pinned by this structure, but it is unclear that this is the case. As the field is increased to HϭϪ25 Oe a domain has grown connecting this ''X'' structure and the small P aligned region in the lower right of ͑i͒. In the last image of the figure the magnetic state of the area is shown in an applied field of H ϭϪ30 Oe where the films are now mostly in the aligned state.
This series of images illustrates several points regarding magnetic reversal in this thin film system. The first is that the Co/Cu/Py trilayers are a fairly good realization of the ''polarizer-analyzer'' geometry, allowing the reversal process in the individual layers to be followed. Starting from a saturated condition, at low applied fields in the opposite direction the magnetization reversal of the Py layer can be imaged since it appears that few, if any, magnetic changes in the Co layer occur in fields less than ϳ25 Oe. Upon complete reversal of the Py layer the switching behavior of the Co layer can then be imaged by increasing H. As shown above, there are field cycles where the complete AP alignment between the films is not achieved. These cases are, however, the exceptions rather than the rule and typically evolve out of field cycles where there was no previous full P alignment between the films in high field. The strongly misaligned regions that persist in high field are typically associated with a magnetic ͑perhaps also structural͒ defect in the film, i.e., the small defect in the upper left of the images in the images. This demonstrates how magnetic defects can significantly affect the switching behavior of these films over comparatively large length scales. For instance, the images here are 2.5ϫ2.5 m 2 and the defects which cause differences in magnetic behavior of the region during the various field cycles occur on length scales that are more than 100 times smaller than this.
Information on the ''slightly misaligned'' regions ͑ϳ100 ϫ100 nm 2 ͒ can also be deduced by comparing the images shown in Figs. 1͑h͒ and 1͑i͒ which show the nominally P and AP aligned states of the film, respectively. In the top middle of Fig. 1͑h͒ there are several of these small, slightly misaligned regions. When the field is inverted so that the Py layer is flipped, these same regions become highlighted, indicating that the structures are in the Co layer rather than the Py layer. One can also see that domains often, but not always, grow out of these initially slightly misaligned regions ͓Figs. 1͑i͒ and 1͑j͔͒. However, not all of these small regions invert contrast in ͑i͒. For instance, in the lower middle of ͑h͒ there are a few regions of slight misalignment which have no corresponding regions in the next scan. Most likely then these regions are due to magnetic structures in the Py layer. While the cause of these persistent regions of slight magnetic misalignment in these multilayers is as yet undetermined, they clearly have a major impact on the overall magnetic reversal process and may well impact the behavior of thin film magnetic memory elements if also present there.
III. COMPARISON OF BALLISTIC HOT ELECTRON TRANSPORT THROUGH SPUTTERED AND EVAPORATED FILMS
As we have noted previously, 7 the values of I c obtained through sputter deposited films are significantly lower than those obtained through analogous films prepared by thermal evaporation. Shown in Fig. 2 is the variation of the collector current as a function of total Co thickness for both single and multilayer films grown by thermal evaporation as well as sputter deposition, as indicated in the figure. These films were deposited onto a Si substrate that had been previously overcoated with a thin Cu/Au bilayer. The data correspond to an injection bias V t ϭϪ1.5 eV, and the current values from the multilayer films correspond to regions showing ferromagnetic alignment between the films. For the evaporated films a fit to the data is shown from which the majority attenuation length ↑ is determined to be 24 Å. A detailed discussion of the fitting procedure used can be found in Ref. 5 . While the data from the sputter deposited films are not as complete, several interesting points are worth noting. The first is the average current values obtained through the sputtered samples are roughly a factor of 2 lower than for evaporated samples having the same total Co thickness. We note that overcoating the evaporated films with an evaporated Cu ͑9 Å͒/Au ͑25 Å͒ bilayer reduces the average collector current through the samples by roughly ϳ20%, 8 and so cannot account for the comparatively large reduction in I c through the sputtered films. Since the sputtered films are briefly ͑ϳ2 min͒ exposed to atmosphere it is possible that they are being lightly oxidized, which could account for the discrepancy in the average values of I c . In order to determine that this is not the case, evaporated samples having this Au oxidation barrier were prepared. The values of I c through the samples were recorded both before their removal from the UHV environment and after their exposure to atmosphere for as long as 18 h. No significant differences in the collector current values were found for any of the samples. Hence we conclude that the large reduction of I c in the sputtered films does not result from the mere presence of the Cu/Au overlayer or from oxidation of the samples and must be a result of the different deposition processes. Also shown in Fig. 2 is a fit to I c through sputtered samples using the expression I c ϭI 0 exp(Ϫw/ ↑ ), where w is the total Co thickness. A value of ↑ ϭ23 Å is determined, in good agreement with the value determined from the evaporated films. Thus the strong reduction in I c in the sputter deposited films is not a result of different bulk attenuation lengths of the differently prepared films. We conclude therefore that the most likely origin of the difference between the evaporated and sputtered films is a stronger interfacial alloying between the Cu and Co due to the more energetic sputter deposition process, and that this alloying process affects the interfacial transmission rates of the Co-Cu interfaces.
IV. BALLISTIC CURRENT TRANSPORT THROUGH AlO x TUNNEL JUNCTIONS
In the final section of this article, we report on BEEM studies of thin aluminum oxide tunnel barriers. In the samples discussed here, a thin tunnel barrier is grown on top of the standard metal-semiconductor system and then overcoated with another metallic film forming a metal-oxidemetal-semiconductor structure. The ballistic electrons are strongly attenuated in their transport across the oxide barrier, and so contrast in the resulting BEEM image is largely dominated by spatial variations in the transmissivity of the barrier layer. With this technique not only can the transmission properties of the tunnel junction be investigated with high spatial resolution, ϳ1 nm, but by varying the tip bias V t the energy dependence of this transport can also be studied.
As discussed previously, the first step in the formation of our samples is the thermal deposition of a thin Au film on a H-terminated Si ͑111͒ substrate. For the tunnel barrier systems formed by evaporation, the next step is the deposition of a thin Cu ͑1.2 nm͒ seed layer and a Co ͑1.2 nm͒ base electrode layer, on top of which a variable thickness Al tunnel barrier layer is deposited. This Al layer is then oxidized by exposure to either a reduced atmosphere of O 2 or to air. Previous studies have clearly shown that for Al layers less than ϳ1 nm, this oxidation method is as effective as the plasma oxidation process that is generally required to fully oxidize thicker tunnel barriers. 9, 10 The oxidized Al is then overcoated with Co and Cu layers, completing the device structure. Alternatively, for sputter deposited barriers the Au/Si wafer is removed to a separate vacuum system where the Cu/Co/Al layers are sputtered onto the wafer. The top Al layer is oxidized in the same fashion as the evaporated junctions and then sputter coated with Co and a Au passivation layer. Obviously, materials other than Co can also be used as the seed and capping layers for the AlO x barrier.
In the absence of a tunnel barrier layer, I c is an increasing function of injection bias for voltages above S ϭ0.82 eV, the Schottky barrier height for a Au/Si ͑111͒ interface. 4 A typical current value for samples having a 2.4 nm total Co thickness is I c /I t ϳ2 pA/nA with V b ϭϪ1.5 V ͑see Fig. 2͒ . Since the practical detection limit of the BEEM system is ϳ1 fA, the ballistic current transmission probability through the barrier layer must be у0.001 in order to obtain a measurable I c . Thus, for an injection bias less than the tunnel barrier height tb a measurable BEEM current is expected only if the local barrier is very thin, ϳ1 monolayer, or nonexistent ͑pinhole͒. Once the injection bias is greater than tb the ballistic electrons can transit the barrier layer via the ''conduction band'' of the AlO x layer and a large increase in I c results. However, even when V t Ͼ tb there will still be substantial attenuation of the ballistic electrons due to either interfacial scattering or, in the ideal limit, due to specular reflection resulting from the band-structure mismatch between the ferromagnet and the conduction band of the oxide.
We have previously shown 11 that for evaporated films grown on Co the AlO x layer effectively becomes continuous at a mean deposited thickness of Al ͑6-7 Å͒ while a thicker Al ͑9-11 Å͒ layer is necessary to form a continuous barrier by magnetron sputtering. We have also measured the effective barrier height of the Co/AlO x /Co system to be tb ϭ1.2Ϯ0.05 eV. Here we present and discuss experiments in which different materials are used as the capping and seed layers. We also describe the BEEM spectroscopy characteristics of AlO x layers of varying thickness and oxidation conditions in order to demonstrate the robustness of the previously reported results. We furthermore compare the magnitude of the relative transmission factors of AlO x barriers formed by thermal evaporation and magnetron sputtering.
Shown in Fig. 3͑a͒ is an example of an image from a Cu ͑30 Å͒/Co ͑12 Å͒/Cu ͑15 Å͒/Al ͑6-7 Å͒/Cu ͑15 Å͒/Co ͑12 Å͒/Cu ͑12 Å͒/Au ͑75 Å͒/Si ͑111͒ evaporated junction. The Al is oxidized by exposure to O 2 ͑100 mTorr, 5 mins͒. As was found for Al layers of the same thickness grown on Co, a continuous AlO x barrier has been formed. Shown in ͑b͒ is a representative spectroscopy curve from this sample. No indication of a Schottky barrier turn-on is seen in the data and an effective barrier height of the Cu/AlO x /Cu junction is measured to be tb ϭ1.2Ϯ0.05 eV, in good agreement with FIG. 3 . ͑a͒ BEEM image of a Cu/Al ͑7 Å͒/Cu tunnel junction sample. V t ϭϪ3 V and I t ϭ1 nA. The BEEM current scale is from 0 pA ͑black͒ to 1 pA ͑white͒. ͑b͒ Representative BEEM spectroscopy curve from the sample shown in ͑a͒.
the value found for junctions in which Co was in contact with the barrier. This shows that tb is not a measure of an oxidized Co layer at the tunnel junction interface and furthermore that tb is not sensitive to the contact layers being Cu or Co.
Shown in Fig. 4 is a compilation of spectroscopy curves taken from an array of evaporated samples of varying oxide thicknesses and oxidation conditions. In this plot only samples where Co ͑12 Å͒ is used as both the seed and capping layers of the AlO x are shown. The thickness of the evaporated Al layer ranges from 4 to 11 Å, while the O 2 exposures of the layers vary over more than 4 orders of magnitude ranging from 1.5 to 15000 Torr s, and one sample was oxidized by exposure to atmosphere. There is of course some scatter in the data but the majority of the curves are nearly identical in both magnitude and shape. These slight sample to sample variations in I c ͑ϳa few fA͒ represent slight differences in the electronic configuration of the STM tips over the months the data were acquired rather than significant physics. Since there is no measurable decrease in I c as the barrier thickness is increased, we conclude that the attenuation length of electrons in AlO x must be much greater than the thickness of the barriers used here. Hence the large reduction of ballistic current by the tunnel barrier must largely result from a low interfacial transmission probability across the Co/AlO x interface͑s͒, which is on the order of 0.01. From this same data the effective barrier height of Co/AlO x /Co tunnel junctions is determined to be b ϭ1.2Ϯ0.05 eV which is shown to be fairly insensitive to both barrier thickness and oxidation conditions, at least over the range studied here.
In Fig. 5 the measured I c (V t ) curves from several sputtered films are shown. The spectroscopy curve from the Al ͑10 Å͒ junction shows only a turn on at ϳ1.2 eV and passes no measurable current at lower energies, indicating a well formed tunnel barrier has been made. The curves taken on thinner Al ͑7 Å͒ junctions show qualitatively different behavior. While both curves have a turn on at tb , the samples also pass significant currents at lower energies. As these curves are not taken in the vicinity of weak spots in the junction, we conclude that they result from significant electron tunneling through a relatively thin oxide barrier in these samples. As the conditions employed to oxidize these two thinner junctions are quite different ͑see Fig. 5͒ , the spectroscopy curve seems to be rather insensitive to the oxidation parameters. At high bias ͑2 V͒, the I c of the three different sputtered samples all reach roughly the same value of ϳ80 fA, greater than the current values obtained through evaporated junctions. After accounting for the fact that the metallic portion of the sputtered tunnel junction samples pass a much lower ballistic current than the evaporated metal films ͑see Fig. 2͒ , we find that the transmissivity of the sputtered tunnel barriers is a factor of 2-3 larger than is the case for tunnel barriers formed by the evaporation process. This could possibly be due to different oxygen content in the differently prepared junctions or to different crystallographic structures of the barrier. However, it more likely results from incorporation of impurities ͑e.g., Co͒ or defects into the sputtered barriers 12 which leads to a higher density of states in the AlO x conduction band, and hence to a higher transmissivity. 
